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Abstract

Mannosylerythritol lipids (MELs) are biosurfactants with excellent biochemical properties and a wide range of potential
applications. However, high production costs, low productivity and unsatisfactory scale-up production have hampered com-
mercial adoption. Herein, we report for the first time the p-galactosidase production by Moesziomyces spp. from different
sugars (D-galactose, D-glucose and D-lactose), with D-galactose being the best -galactosidase inducer, with 11.2 and
63.1 TU/Mgy; . massr fOr Moesziomyces aphidis 5535 T and Moesziomyces antarcticus 5048 T, respectively. The production of
this enzyme allows to break down D-lactose and thus to produce MEL directly from D-lactose or cheese whey (a cheese
industry by-product). Remarkably, when CW was used as sole media component (carbon and mineral source), in combination
with waste frying oil, MEL productivities were very close (1.40 and 1.31 gy /L/day) to the ones obtained with optimized
medium containing yeast extract (1.92 and 1.50 gyig1 /Scusbirare)> 0Oth for M. antarcticus and M. aphidis. The low-cost, facile
and efficient process which generates large amounts of MELs potentiates its industrialization.

Keywords Manosylerithritol lipids (MELs) - p-galactosidase - Cheese whey - Yeast extract free media - Moesziomyces spp

1 Introduction

Since the industrial revolution, the chemical industry has
undergone important developments, resulting in a variety
of products that are used in a wide range of applications.
Within these products, surfactants, molecules capable to
stabilize oil-water interfaces and promote self-organized
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structures [1], are one of the most produced chemicals
worldwide, with a market reaching US $40 billion in 2021
[2]. However, most of the surfactants are derived from petro-
chemicals, and thus contributing to greenhouse gas (GHGs).
Moreover, surfactant production generates toxic waste and
their use endangers the ecosystem, due to their toxicity and
persistence in the environment [3].

In this regard, microbial biosurfactants (mBS) started to
be envisioned as an alternative to chemical surfactants, pro-
viding a greener solution with faster biodegradability and
lower eco-toxicity impacts. Their structural diversity and
properties may offer higher efficiency (especially when used
in extreme conditions), and new application opportunities,
namely as antimicrobials [4], antiviral [5], anticancer [6]
and anti-inflammatory agents [7]. Currently, the mBS mar-
ket is evaluated at US $13 million (2012) and comprises
rhamnolipids, sophorolipids and mannosylerythritol lipids
(MELSs). Nevertheless, the price of the cheapest mBs (US
$34/kg of SL) is tenfold higher than chemical surfactants
such as sodium lauryl sulphate (~US $1-2/kg) [8]. This
indicates that scalable fermentations and downstream pro-
cesses need to be optimized and technological innovations
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are needed to make their production cost to be competitive
with chemical surfactants.

Specifically, mannosylerythritol lipids (MELs), mainly
produced by Ustilago and Moesziomyces (formerly known as
Pseudozymas) spp. [9] belong to the class of glycolipids and
contain a 4-O-f-D-mannopyranosyl-meso-erythritol as the
hydrophilic group, and short- and medium-chain fatty acids
as the hydrophobic group. MELs were the last ones to enter
in the market of mBs, being one of most promising, espe-
cially because of the low CMC (0.0027 mM), at a value ten-
fold lower than the ones characteristic for sophorolipids and
rhamnolipids (0.12-0.30 mM) [10-13], and of their potential
use in different applications, such as hair repair [14], biopes-
ticide [15] or even as a food preservative due to its potential
inhibitory effect in Staphylococcus aureus [16]. The high-
est MELs productivity reported in literature (12 g/L/day of
crude MELs) resulted from a long fed-batch fermentation
using large amounts of soybean oil (SBO) (around 186 g/L),
D-glucose (around 50 g/L), 14 g/L of yeast extract (YE) and
mineral medium (including sodium nitrate) [17]. Such MELs
productivity is far from the highest productivity values
reported for sophorolipids (3.7 g/L/h) [18], demonstrating
the existence of bottlenecks in MEL production that needs to
addressed to attain economic viability of MELs applications,
while respecting high sustainability standards.

In this regard, attention should be directed to, among
others, the cultivation media and substrates fed to MELs
production fermentations. The use of an enriched medium
in different nutrients is a constraint for the total price of the
process (around 21% of total OPEX, operational expendi-
ture) [19]. Specifically, the use of SBO as a main substrate
can constitute a threat for food availability and prices. Note
that SBO is being directly produced from food crops, requir-
ing large arable land area for its cultivation [20].

Substrate and media component selection is, therefore, of
paramount importance to develop a successful bioprocess.
Substrate composition determines carbon source type, nitro-
gen type, C/N ratio, content on other elements (salts, met-
als) and presence of eventual inhibitory products. Therefore,
while substrate availability can affect process sustainability,
substrate composition will greatly impact on microbial pro-
duction. Several agro-industrial residues previously con-
sidered as substrates for MEL production, including crude
glycerol [21], sugarcane juice [22], coconut water [23], soap
stock [24], residual honey [25] and wheat straw [26]. How-
ever, the use of such substrates often requires an additional
substrate pre-treatment step, which contributes to increases
the total production cost. Additionally, these additional
steps may lead to the presence of potentially inhibitors to
cell growth and MELSs production (e.g. polyphenols or acids)
and/or results on low MELs final titres [27].

In a consolidated bioprocessing strategy (CBP), a single
microorganism ensures enzyme production for substrate
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hydrolysis and bioconversion of released sugars into bio-
based products. The natural or engineered microbial capac-
ity of producing own cellulolytic and/or hemicellulolytic
enzymes can improve the economy of the lignocellulose
bioconversion processes by reducing and/or optimizing the
use of commercial enzyme cocktails or even eliminating this
significant operating cost in wastes/residues with complex
carbon sources and its biorefining. In this regard, previous
work has shown Moesziomyces spp. ability to produce MELs
directly from xylan, due to the cellulase-free xylanases pro-
duction, but not from the complete lignocellulosic material
[26, 28, 29]. This ability of Moesziomyces spp. to produce
a variety of enzymes to hydrolyse complex substrate struc-
tures makes them an interesting organism model to explore
agro-industrial substrates with various compositions. Like-
wise, this study investigates the potential ability of Moe-
sziomyces spp. to provide the tools to design CBPs based on
D-lactose rich substrates, i.e. the production of enzymes able
to hydrolyse lactose and ability to use not only D-Glucose
but also D-galactose, the resulting sugar monomers, as car-
bon sources. Cheese whey (CW) is explored as a promising
D-lactose rich alternative substrate. CW, a by-product of
cheese production, is highly available as dairy industry, one
of the major industrial effluents in Europe (40 million tons
per year), and can be bioprocessed in different food applica-
tions [30, 31]. Moreover, CW discharge is restricted due to
environmental concerns associated with high chemical oxy-
gen demand (COD) and low biodegradability of the whey
[32]. Along with a carbon source (D-lactose), CW compo-
sition includes minerals and other trace elements that may
enrich a cultivation media for microbial production. This
work reports the production of a class of promising biosur-
factants, MELs, using two Moesziomyces yeasts, exploring
their B-galactosidase production capacity. This brings new
perspectives to the field of food by-products valorisation,
while targeting biosurfactants production and their possi-
ble different biotechnological applications under circular
economy concepts.

2 Materials and methods

2.1 Yeast strains, substrate, and cultivation
conditions

Moesziomyces antarcticus PYCC 5048 T and M. aphidis PYCC
5535 T were obtained from the Portuguese Yeast Culture Collec-
tion (PYCC), CREM, FCT/UNL, Caparica, Portugal. Strains were
plated in YM Agar (yeast extract 3 g/L., malt extract 3 g/L, peptone
5 g/, D-glucose 10 g/L. and agar 20 g/L) and incubated for 3 days
at 25 °C. Stock cultures were prepared by propagation of yeast cells
in liquid media described above for the inoculum and stored, in 20%
(v/v) glycerol aliquots, at—70 °C. An inoculum was prepared by
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transferring the stocks cultures of M. antarcticus and M. aphidis into
an Erlenmeyer flask with 1/5 working volume (50 mL) of medium
containing 0.3 g/LL MgSO,, 3 g/L of NaNO;, 0.3 g/L KH,PO,,
1 g/L yeast extract (YE), 40 g/ D-glucose and incubating at 27 °C,
250 rpm, for 48 h. Then, 10% (v/v) of inoculum was added into an
Erlenmeyer flask with 1/5 working volume (50 mL) of cultured
medium. All cultures were carried out in biological duplicates and
incubated at 27 °C, 250 rpm, for 10 days.

The culture medium consisted for a first set of assays
on mineral medium (0.3 g/L MgSO,, 0.3 g/L KH,PO, at
initial pH 6.0) supplemented with 1 g/LL YE, in the presence
or absence of further nitrogen source (3 g/L NaNO;),
using 40 g/L of different carbon sources, i.e. D-glucose,
D-galactose or D-lactose. The concentration of 3 g/L
of NaNO; and 40 g/L of a hydrophilic sugar follows the
reference value of previous studies [28, 33]. A second
set of assays explore the use of cheese whey (CW) (rich
in D-lactose) alone (without any mineral media or other
supplement) vs. CW in the aforementioned mineral medium
with YE and NaNO;. A final set of assays is started with
D-glucose, D-lactose or CW as carbon source and addition
of 20 g/L of waste fried oil (WFO), a lipid-rich source,
in the presence of absence or the aforementioned mineral
media with YE and NaNO;. The selection of concentration
of 20 g/L of WFO follows the results of preliminary assays
performed with D-glucose [34]. CW was initially pre-treated
as followed: after received, and it was heated until 90 °C
and kept at such temperature for 15 min, then centrifuged at
10,000 rpm for 10 min, the supernatant collected, and the
pellet discarded. CW is not only a source of carbon but also
of nitrogen, phosphorous, other mineral and trace elements.
Characterization of CW before and after pasteurization is
presented in Table S1. Cultivations were performed at least
in two replicates.

2.2 Growth and biomass determination

Yeast growth was determined by measuring the cell dry
weight (CDW), periodically, during fermentation time.
CDW was determined from 1 mL of culture broth by cen-
trifugation at 10,000 rpm for 6 min, followed by cell pellet
washing with deionized water (twice) and drying at 60 °C
for 48 h. The supernatant collected was used to determine
substrate consumption, extracellular protein and extracel-
lular B-galactosidase activity.

2.3 Enzyme activity assays

Extracellular and intracellular B-galactosidase activities
were determined in 1 mL of culture broth, after centrifuga-
tion at 10,000 rpm for 6 min, and separation of the superna-
tant (used for extracellular activity and protein determina-
tion) and pellet. The pellet was washed with deionized water

(twice) and used for intracellular activity determination, as
described below.

Extracellular B-galactosidase activity was determined
by following an enzymatic assay adapted from the one
described by Karasova et al. [35]. The substrate used for the
enzymatic assays was o-nitrophenyl-p-D-galactopyranoside
(ONPG), and the activity was determined by measuring the
release of o-nitrophenol from ONPG. All enzymatic activi-
ties were carried out in a 96-well plate, and the reaction
mixture was composed by: 20 mM of ONPG dissolved in
50 mM acetate buffer (pH 5.2). To initiate the enzymatic
assay, 90 uL of ONPG, 20 mM solution and 10 pL of the
supernatant were added to the 96-well plate. The reaction
mixture was incubated at 37 °C for 15 min and stopped by
adding 200 pL of 10% (w/w) Na,CO;. The o-nitrophenol
was measured at 420 nm in a microplate spectrophotom-
eter (MultiskanTM GO, ThermoFisher Scientific). One unit
(U) of p- galactosidase activity is defined as the amount of
enzyme releasing 1 umol o-nitrophenol per min. Intracel-
lular p-galactosidase was determined after the incubation
of washed cells with Y-PER™ (Yeast Protein Extraction
Reagent, Pierce, Thermo Scientific, USA). The cell crude
extract was used in the enzymatic assay, as described before.
The lipolytic enzymatic assays were performed as previously
described [36]. The substrate used for the enzymatic assays
was p-nitrophenyl butyrate. All enzymatic activities were
carried out in triplicates, in a 96-well plate, and the reac-
tion mixture composition was 2.63 mM of p-nitrophenol
butyrate dissolved in 50 mM acetate buffer (pH 5.2) and 4%
of triton-X-100.

To initiate the enzymatic assay, 90 pL of p-nitrophenol
butyrate 2.63 mM solution and 10 pL of the supernatants
diluted was added to the 96-well plate. Then the reaction
mixture was incubated at 37 °C for 15 min, and after that,
the reaction was stopped by adding 200 uL of acetone. The
released p-nitrophenol was quantified in a microplate spec-
trophotometer (MultiskanTM GO, ThermoFisher Scientific),
at 405 nm. One unit (U) of lipase activity is defined as the
amount of enzyme releasing 1 umol p-nitrophenol per min.

2.4 Substrate and product quantification

The quantification of D-glucose, D-lactose and D-galactose
was performed using HPLC. Culture broth samples were
centrifuged at 10,000 g for 6 min, and the supernatants
were filtered through a 0.22 pm-pore size-filter and injected
into a HPLC system (Merck Hitachi, Darmstadt, Germany)
equipped with a refractive index detector (L-7490, Merck
Hitachi, Darmstadt, Germany) and an Rezex ROA organic
acid H+ column (300 mm X 7.8 mm, Phenomenex, Torrance,
CA, USA), at 65 °C. An aqueous solution of sulphuric acid
(5 mM) was used as mobile phase at 0.5 mL/min.
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The consumption of oil (triacylglyceride — TAG) in the
culture samples was also analysed by HPLC, as described
by Badenes et al. [37], and 500 puL of each sample was
retrieved and mixture with 58.5 mM of 1 puL acetic acid and
499 pL n-hexane. Then, it was centrifuged at 10,000 rpm
for 2 min, and the organic phase was extracted and injected
into another HPLC system (Hitachi LaChrom Elite),
equipped with a Chromolith Performance RP-18 endcapped
(100 mm x 4.6 mm X2 pm) column, an auto sampler (Hitachi
LaChrom Elite L-2200), a pump (Hitachi LaChrom Elite
L-2130) and a UV detector (Hitachi LaChrom Elite L.-2400)
set up at 205 nm. The flow rate was set up at 1 mL/min and
the injection volume was 20 pL. Three mobile phases were
employed: phase A consisted of 100% acetonitrile, phase
B consisted of water 100% and phase C comprising a mix-
ture of n-hexane and 2-propanol (4:5, v/v). Quantification
was carried out using calibration curves of glyceryl trioleate
and glyceryl trilinoleate (>98%, Sigma-Aldrich GmbH) for
TAG.

MELs were quantified as previously described, through
GC analysis of methyl esters generated by methanolysis of
freeze-dried biological samples (1 mL) [26]. For the cases
where beads enriched in MELs were observed and no rep-
resentative sample could be retrieved, the total fermentation
broth was extracted, using equal volumes of ethyl acetate to
the broth volume in three successive extractions, the solvent
evaporated in a rotavapor (Buchi R3, Switzerland) at 40 °C
and 240 mbar, the bottom phase collected and weighted and
50 mg of it retrieved and submitted to methanolysis and GC
analysis as previously described [26].

2.5 Statistical analysis

Statistics were performed, using graph-pad, by analysis of
variance (two-way ANOVA) and p-values of the differences
between groups were corrected for simultaneous hypothesis
testing according to Tukey’s method. The level of signifi-
cance was set at p <0.05.

3 Results and discussion

3.1 D-Lactose as a sole carbon and energy source
for MELs production — the role of endogenous
B-galactosidase

The ability of Moesziomyces spp. to grow and produce
MELSs using D-lactose (40 g/L) as a sole carbon source was
evaluated for M. antarcticus PYCC 5048 T and M. aphidis
5535 T, In this regard, yeast cells were directly inoculated
in media containing D-lactose. Mineral media with YE
was used for these set of experiments. In addition, nitrogen
source (3 g/L of NaNO;) supplementation was investigated
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(Fig. 1), since it is known that the absence of nitrogen pro-
motes MELs production; however, its presence is crucial for
amino acid synthesis and consequently enzyme production.

Cell growth was monitored by the determination of the
CDW. Both strains were able to grow using D-lactose as car-
bon source, regardless the nitrogen source supplementation
(Fig. 1A and B). After 10 days of cultivation, cell biomass
values of 18.0 +£4.0 and 13.5+ 1.5 g/L. were obtained for
M. antarcticus and M. aphidis, respectively, in the presence
of nitrogen source. Interestingly, for both strains, there is
not significant differences in the final cell biomass with or
without nitrogen supplementation.

Comparing D-lactose consumption rate in both strains,
M. aphidis cultivation stands out, with no differences
regardless the nitrogen supplementation (0.38 +0.02 and
0.39+0.04 g/L/h, without and with nitrogen supplementa-
tion, respectively) (Fig. 1D). In M. antarcticus, an increase
on sugar consumption rate was observed with nitrogen
supplementation, from 0.24 +0.00 to 0.32 +0.02 g/L/h
(Fig. 1C), but still lower than the ones observed in M.
aphidis cultivations and with an adaptation to the substrate
(D-lactose) observed in the first day of cultivation, where
only the residual D-glucose present in the cultivation media
seems to be consumed. It is important to notice that although
the relatively high values reported for the D-lactose con-
sumption rate, D-galactose slightly accumulates in the broth.
In M. aphidis cultivation without nitrogen supplementation,
more than 10 g/L of D-galactose was accumulated at day
4, which were consumed until the end of the cultivation
(10 days). In the case of M. antarcticus, a maximum of 6 g/L.
of D-galactose was accumulated at day 7, but not fully con-
sumed, with 4 g/L of D-glucose and 4 g/L. of D-galactose
left in the end of the cultivation. With nitrogen supplemen-
tation, there was no D-galactose accumulated at day 7 and
10 of M. antarcticus cultivation, after an accumulation of
10.6 g/L at day 4.

Direct MEL production from D-lactose was observed in
all conditions tested. Interestingly, although a lower sub-
strate consumption rate reported above, the cultivation con-
ditions using no supplementation of inorganic nitrate source
(NaNO;) rendered higher MELSs titres, and analogous effects
of addition of NaNO; on MEL production by these yeasts
have been previously reported for D-glucose and D-xylose
[29]. Similar MEL titres were achieved for the two yeasts
after 4 days of culture. However, after 10 days cultivation, at
27 °C and 250 rpm, M. antarcticus reached 4.93 +0.53 g/L
and M. aphidis, 2.20+0.10 g/L. With NaNO; supplementa-
tion, the final MELs titre was 2.93+0.53 and 0.15+0.02 g/L
for M. antarcticus and M. aphidis, respectively (where maxi-
mum MELSs titre on M. aphidis cultivation was reached at
day 4, a maximum of 1.91+0.01 g/L) (Fig. 1A and B). This
discrepancy on MEL production for these two particular
Moesziomyces strains was previously observed, while M.
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Fig. 1 Cultivation of M. ant-
arcticus PYCC 5048 T (A, C, E)
and M. aphidis PYCC 5535.7 A B

M. antarcticus PYCC 50487 M. aphidis PYCC 55357

(B, D, F) in D-lactose (40 g/L), 25+
mineral medium with YE and
in the presence or absence of )y 201 -
NaNO; (dashed line and filled o 154 m
line, respectively), during g [
10 days at 27 °C. Yeast biomass € 10 Q
(circles) and MELs production i:% c
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extracellular f-galactosidase . . ) .
profile activities (circles) (E, -e- Biomass (with NaNO;) -m- MELs (with NaNO3) -e- Biomass (w/o NaNO3;) -m MELs (w/o NaNO
F). Standard deviations values
lower than 1 g/L and 1 IU/mL
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antarcticus seems to be a more efficient MEL producer from
D-glucose and D-xylose, and M. aphidis was reported to
accumulate more storage lipids and be slower on their use
for MEL production [29]. Again, when these yeasts were
fed with xylan and the xylanolytic capability of these yeasts
was required for hydrolyse of the xylan into D-xylose, M.
antarcticus shows to be a more efficient MEL producer [38].
In this study, both strains are able to produce f-galactosidase
(Fig. 1E and F), with higher p-galactosidase extracellular
activity obtained when additional nitrogen source is added.
Still, even without the addition of NaNO;, the enzymatic
activity seems to be high enough to promote D-lactose
hydrolysis into its monomers D-galactose and D-glucose,

-e- [-galactosidase (w/o NaNO3)

which are consumed to support cell growth and MEL
production. The high standard deviations found on the
p-galactosidase extracellular activity profiles for M. aphidis,
(40 g/L of lactose, without NaNO3) are indicative of culture
behaviour variability as enzyme production was halt after
1 day in culture for one of the replicates (Fig. S7).

The maximum MEL titres using D-lactose were about
1.8-fold lower, for both strains, when compared to previous
studies using the same strains cultivated in D-glucose; 4.9
and 3.4 g/L of MELs were reported for M. antarcticus and
M. aphidis, respectively, in similar C/N ratio [29]. Neverthe-
less, higher biomass values were observed when D-lactose
was used (1.7- and 1.2-fold higher, respectively). These
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results may indicate that the cell is dispending more energy
to hydrolyse lactose, which is reflected in the use of more
carbon source for production of building blocks, enzymes
and biomass, rather than MEL.

3.2 Characterization of B-galactosidase profiles
using different substrates

The hydrolytic potential of M. antarcticus and M. aphidis,
regarding extracellular B-galactosidase activity, was evalu-
ated. Following the trends observed for D-lactose consump-
tion (Fig. 1C and D), supplementation of nitrogen source
resulted in higher -galactosidase activity, 2.6- and 4.2-fold
higher than for cultures without NaNO; supplementation,
for a maximum of 44.5+3.3 and 37.5+ 10 IU/mL, obtained
with M. antarcticus and M. aphids, respectively.

M. antarcticus PYCC 50487

o
g

N
<

N
o
1

D-Galactose, Biomass (g/L)
o

0 2 4 6 8 10

Time (days)

2 60
c S

60- g 40
g

S20
P

40+ @ (e

N
o
1

o
L

Substrate (g/L); Biomass (g/L)

0 2 4 6 8 10
Time (days)

-o- Biomass - D-glucose -+ D-galactose

Fig.2 Cultivation of M. antarcticus PYCC 5048 T (A, C) and M.
aphidis PYCC 5535.T (B, D) in D-galactose (40 g/L) (A, B) and a
mixture of D-glucose (20 g/L) with D-galactose (20 g/L) in mineral
medium with YE and NaNO; (C, D), during 10 days at 27 °C. For
all graphics the patterns of yeast biomass (circles), carbon source
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Previous studies with M. antarcticus and M. aphidis
have shown that the detection of enzymatic activities is
highly dependent on the substrate used. Lipase activ-
ity can be detected when M. antarcticus was grown on
D-glucose [39], while xylanase activity was not detected,
but only when cultured in pentose-based sugars [28]. In
this regard, the induction of B-galactosidase activity by
using the D-lactose monomers, D-glucose and D-galac-
tose (separated and mixed) was evaluated, supplement-
ing the medium with nitrogen source (3 g/L of NaNO;)
(Fig. 2 and Table S3). The results of D-galactose culti-
vation for both strains, without addition of NaNO;, are
presented as supplementary data (Fig. S1 and Table S2).
Analysing the values obtained, we observed that when
D-galactose and D-glucose were mixed, the volumetric
activity values were similar to the ones obtained with
D-lactose (around 30-50 IU/mL) (Fig. 2 and Table S3).

M. aphidis PYCC 55357
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profiles (D-glucose and D-galactose consumption represented with
squares and triangles, respectively) and p-galactosidase production
(circles) are shown. Standard deviation lower values than 1 g/L. and
10 IU/mL (or 1 IU/mL for inserted figures) are not represented



Biomass Conversion and Biorefinery (2024) 14:6783-6796

6789

Surprisingly, when D-galactose was used as a sole car-
bon source, the highest volumetric activity was obtained,
12.8- and 8.3-fold higher than the ones obtain for cultures
using D-lactose as substrate, reaching a maximum of
505.2+3.1 and 127 +31.2 IU/mL, for M. antarcticus and
M. aphidis cultures, respectively. Even though a positive
effect of D-galactose was observed for B-galactosidase
activity, it seems that this substrate does not promote
extensive yeast growth, as the maximum biomass reached
to such cultures was 1.8-fold lower when than the one
obtained for D-lactose based cultures (Tables S3 and
S4). In the presence of both monomers (D-galactose and
D-glucose), the values of biomass were comparable with
D-lactose cultivations.

In fact, both strains had shown different patterns regard-
ing sugar consumption, when D-glucose and D-galactose
were used as carbon source. Sugar consumption trends in
M. aphidis cultivations were similar regardless the substrate
used. In fact, both D-glucose and D-galactose were fully
consumed at day 4 of cultivation. M. antarcticus had shown
a preference for D-glucose, and at day 4 of fermentation,

Fig.3 Intracellular (grey)
and extracellular (black) A

M. antarcticus PYCC 5048

while most of D-glucose is consumed, only 5 g/L of
D-galactose was consumed.

In this regard, the fast consumption rate of D-lactose
and limited D-galactose accumulation in the media
contrasts with the lower consumption rate of D-galac-
tose, when used as sole carbon source (Figs. 1 and 2).
Therefore, the presence of additional pB-galactosidase
mechanisms (other than extracellular) was investigated.
Namely, intracellular f-galactosidase activity was esti-
mated in samples collected at days 2 and 4 of cultiva-
tion of M. antarcticus and M. aphidis using D-lactose,
D-galactose and mixtures of D-glucose and D-galactose
(Fig. 3, Table S5). Notable, all the conditions showed
the presence of significant intracellular p-galactosidase
activity, but at day 4, its values were lower than the
extracellular B-galactosidase activity, with exception for
M. antarcticus cultures on D-galactose (Fig. 3C). When
D-galactose was used as substrate, initially at day 2 of
fermentation (Fig. 3A and B, Table S5), the intracellular
and extracellular volumetric activity were, respectively,
8- and 18-fold lower for M. antarcticus (Fig. 3A) than

M. aphidis PYCC 5535"

B
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for M. aphidis cultivations (Fig. 3B), but at day 4 of
fermentation (Fig. 3C and D, Table S5), the intracellu-
lar specific activity for M. antarcticus became fivefold
higher than the values obtained with M. aphidis. The
volumetric activities values obtained for cultures using
D-lactose as carbon source or its monomers mixture were
similar among them and significantly lower than the ones
obtained when using D-galactose as sole carbon source.
However, for day 2 in M. antarcticus, the intracellular
volumetric activity was virtually 0 (0.03 +0.02 IU/mL)
for mixture of monomers cultures, and, although still
low, it was two orders of magnitude higher (1.2 +0.2 IU/
mL) in D-lactose cultures. These results may indicate
that the induction of f-galactosidase is promoted by the
metabolites driven from metabolization of D-galactose
in both strains, which explains the low activities when it
is used D-lactose and the monomers.

From our literature search, the only species, more
closely related with the strains used in this work, that
is able to produce f-galactosidase in presence of galac-
tose was Hypocrea jecoina (Basidiomycota). Fekete
et al. [40] have shown that the ability of this strain to
grow in D-lactose is strongly dependent on the formation
of an extracellular glycoside hydrolase (6H) family 35
p-galactosidase encoded by Bagal gene. Additionally,
the authors also had shown the importance of D-galac-
tose degradation into galactitol, to induce -galactosidase
expression. In this regard, it was performed a Blast-P
(computational tool used to compare different proteins,
provided by NCBI — National Centre for Biotechnology
Information) of this protein from H. jacoina (glycoside
hydrolase (6H) family 35 p-galactosidase) against M.
antarcticus and M. aphidis sequences. A glycosidase
hydrolase, family GH35 and a hypothetical protein
PaG_04781 were found (93% of coverage for both), for
M. antarcticus and M. aphidis, respectively. The protein
found for M. antarcticus belongs to a family of hydro-
lases (GH1, GH2, GH35 and GH42) [41]. From those
hydrolases, GHx and GHy have p-galactosidase activ-
ity. The discovery that this type of proteins can also be
expressed in M. aphidis has the potential to identify a
new P-galactosidase or B-galactosidase producer.

Until date, the highest specific activity reported in litera-
ture for B-galactosidase is 4.2 IU/mgy; ... (Obtained after
cell permeabilization with isoamyl alcohol), using Kluvy-
romyces lactis [42], one of the yeast industrially used for
the production of the enzyme. Using D-lactose, the same
substrate used in the study of K. lactis, a specific activity
of 5.1 +£0.8 TU/mgy;,mass» With M. antarcticus, is achieved,
representing 44.5 +3.3 IU/mL of volumetric activity.
Remarkably, using M. antarcticus and D-galactose as car-
bon source, it was achieved the value for p-galactosidase
specific activity, at day 4, considering intracellular activity
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(57.2+15.5 TU/mgy; o mass> and 525.9+16.3 IU/ml), and the
highest p-galactosidase activity reported in this work, extra-
cellular, at day 7, reaching 63.1 +6.1 IU/mg (505.2 +3.1 TU/
ml), which is 15-fold higher than the reported value (4.2 TU/

mgbiomass) .

3.3 Exploring Moesziomyces spp. as MELs producer
from renewable substrates

Moesziomyces antarcticus and M. aphidis are described as
MEL producers. Both strains can use a variety of substrates,
including sugar-based carbon sources, such as D-glucose
[38] or D-xylose [29]. Interestingly, in this work, MEL pro-
duction efficiency from D-lactose (4 g/L, Fig. 1) was similar
to the one observed when D-glucose was used as carbon
source, highlighting the efficient hydrolytic capacity of both
M. antarcticus and M. aphidis. Cheese whey, a D-lactose-
rich by-product of dairy products (see Table S1 for detailed
composition of CW), was explored as a complex cultivation
media (mineral medium, YE and NaNO,) for M. antarcticus
and M. aphidis cultivations, first alone, and then in combina-
tion with WFO, a lipidic rich carbon source.

3.3.1 Direct conversion of cheese-whey into MELs

The use of CW as sole nutrient source was first assessed
against conditions where CW was used in mineral media
with YE (Fig. 4 and Table S6). The experiments were
carried out during 10 days at 27 °C and 250 rpm, using
CW (30% v/v), corresponding to a 40 g/L of D-lactose in
the cultivation media. Both yeasts were able to grow in CW
(Fig. 4A and B), but slower when compared with cultures
on refined D-lactose in mineral media with YE (Fig. 1).
However, only M. antarcticus produced lower biomass
when grown in CW if compared with D-lactose (11.5 and
11.0 g/L, Table S6, using CW as sole media component
or in mineral media with YE, respectively, compared to
18.0 g/L, Table S4, of biomass when using D-lactose in
mineral media with YE).

D-lactose consumption rate was higher in M.
antarcticus than M. aphidis when cultured in CW (0.41
and 0.32 g/L/h, respectively) (Fig. 4C and D). However,
the direct use of CW alone (without mineral media nor
YE supplementation) reduced D-lactose consumption rate
in M. antarcticus cultivations (from 0.41 to 0.25 g/L/h)
(Table S6). Also, an accumulation of D-galactose was
observed, reaching 10 g/L of D-galactose at day 4. In
opposition, in M. aphidis cultivations, the accumulation
of D-glucose and D-galactose was not observed (Fig. S4).
The emphasized efficient mechanisms for lactose
assimilation were verified, especially in M. aphidis with
CW, even on the absence of addition of mineral media and
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Fig.4 Cultivation of M. ant-
arcticus PYCC 5048 (A, C)
and M. aphidis PYCC 5535.
(B, D) in CW (40 g/L), during
10 days at 27 °C in the pres-
ence and absence of mineral
medium with YE (dashed line
and filled line, respectively),

on both cases with addition of
NaNO;. Yeast biomass (circles)

Biomass (g/L)

M. antarcticus PYCC 50487

M. aphidis PYCC 55357
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YE addition. The hydrolytic potential of M. antarcticus
and M. aphidis was evaluated regarding the extracellular
[B-galactosidase activity (Fig. 4C and D). Interestingly, in spite
of CW do not present measurable D-galactose, 3-galactosidase
activity using this substrate was estimate to be tenfold higher than
the one for D-lactose cultures. Therefore, enzyme production by
the yeast and activity may benefit from other compounds that
not D-galactose, such as additional nitrogen, trace elements and
ions potentially provided by the CW (Table S1). Also, the use
of mineral media induces higher extracellular f-galactosidase
activity, for both strains, but more pronounced in M. antarcticus,
at day 4 (305.2 IU/mL).

The direct MEL production from CW was observed (Fig. 4A
and B). Although the lower D-lactose consumption rate in
cultivation of M. antarticus using CW without addition of
mineral media and YE, MEL production was higher in such
conditions (1.94 g/L), while the use of M. aphidis rendered the
lowest MELSs value, 0.77 g/L. Nevertheless, MEL obtained from
CW cultures (without mineral media nor YE) was consistently
lower if compared with the use of D-lactose as carbon source in
mineral medium with YE (Table S4). The carbon chain length of
MEL:s acyl groups obtained was similar to the ones found both in
D-lactose and D-glucose, mainly composed of C10:n and C12:n
(data not shown).

Considering the fact that 65% of world population are
lactose intolerants, f-galactosidase plays a crucial role in

-¥- D-Lactose w/o nutrients

-o- [-galactosidase w/o nutrients

dairy industry by producing lactose-free products, a mar-
ket in expansion with a CAGR (compound annual growth
rate) of 11% and evaluated at US $4.69 billion in 2015 (pre-
COVID-19) [43, 44]. In this regard, these results achieved
with M. antarcticus, especially the values achieved when
using CW as sole carbon source and medium component
(137.54+10.42 IU/mL), can open new perspectives and
studies for this type of industry.

3.3.2 Towards sustainable MELs production —
combination of CW with waste frying oil (WFO)

CW was successfully assessed as sole media component for
MEL production. Nevertheless, as observed for other sugar-
based carbon sources, MEL production was rather limited.
MEL productivities can be enhanced through addition of a
relatively small amount of a lipid rich carbon source; how-
ever, such strategy relies on the lipolytic activity of Moe-
sziomyces spp. Therefore, the enzymatic activity of lipases
for D-glucose, D-galactose, D-lactose and CW (Fig. S2),
in the absence or presence of mineral media supplemented
with YE and NaNOj;, as well a mixture of D-galactose and
D-glucose in mineral media with YE and NaNO; (Fig. S3)
was determined. The results obtained showed lipase activ-
ity profiles for the cultures on CW and on D-glucose to be
very close.

@ Springer
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Fig.5 Cultivation of M. antarcticus PYCC 5048 T (A, C) and M.
aphidis PYCC 5535 (B, D) in CW (40 g/L) and WFO (20 g/L), dur-
ing 10 days at 27 °C, in the absence (A, B) and presence of mineral
medium with YE and NaNO3 (C, D). For all graphics the patterns of
yeast biomass (circles) and MELs production, D-lactose (inverted tri-

Three carbon sources D-glucose (40 g/L), D-lactose
(40 g/L) or CW (40 g/L in D-lactose) were assessed in com-
bination with WFO (20 g/L), with or without mineral media,
YE nor NaNOj supplementation, for both M. antarcticus and
M. aphidis. The results are resumed on Table 1. Biomass,
MEL production, sugar, and residual lipids profiles are rep-
resented for cultures using WFO combined with CW (Fig. 5)
or refined sugars (Figs. S5 and S6), either in the presence
(Fig. SA and B) or in the absence (Fig. 5C and D) of mineral
medium, YE and NaNO;.

As expected, when following the strategy to combine
WEFO and D-glucose or D-lactate, the use of mineral medium
with YE supplementation was crucial to obtain high MELs
productivity (Fig. S5). Indeed, when the culture medium was
not supplemented (Fig. S6), D-lactose and D-glucose are not
consumed, while a fraction of WFO lipids are consumed and
MELSs were produced, but at low concentrations (5.41+0.15
and 2.53 +£0.02 for M. antarcticus and M. aphidis).

Remarkable, high MEL productivities were reached using
CW and WFO alone, without using mineral media nor YE.
Such values definitively represent a significant increase in

angles) and residual lipids (driven from WFO, crosses) consumption
are shown. The red point indicates the appearance of beads enriched
in MEL and residual lipids. Standard deviation values lower 1 g/L are
not represented

the product yield and productivities, when compared with
the sole CW utilization (Table S6). Impressively, the level
of MELs production using only CW and WFO (titres of
13.98+0.06 g/L and 13.10+1.77 g/L and productivities of
1.40+0.01 and 1.31+0.18 g/L/h for M. antarcticus PYCC
5048 T and M. aphidis PYCC 5535 T), close to the ones
obtained using D-glucose in mineral media with YE sup-
plementation (titres of 19.21+0.02 g/L and 15.02+0.99 g/L
and productivities of 1.92+0.24 and 1.50+0.10 g/L/h for M.
antarcticus PYCC 5048 T and M. aphidis PYCC 5535 7), rep-
resenting a potential route to circumvent the use of refined or
expensive substrates, including D-glucose, NaNO;, MgSO,,
KH,PO, or YE. The co-utilization of WFO seems to posi-
tively impact on D-lactose consumption for cultures with
CW (Fig. 5 vs. Figure 4) or D-lactose (Fig. 5A and B vs
Fig. 1.), emphasizing the role of CW as a media substitute.

Although M. antarcticus cultivations using CW and WFO
reach similar maximum MELSs titres (13—14 g/L) regardless the
conditions tested (Table 1), very different cultivation profiles
were observed (Fig. 5). Noteworthy, the cultivations in CW and
WEFO with mineral media and YE supplementation reached the
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highest MELs at day 7 (12.63 g/L), with a decrease after that time
point (Fig. 5C) while in cultivations with no supplementation,
the highest MELs value (13.98 g/L) is obtained only at day 10
(Fig. 5A). The decrease observed for MELSs after day 7, in condi-
tions using the culture medium, may result from the depletion of
carbon sources, and consequent starvation of M. antarcticus and
M. aphidis, suggesting energy storage as a possible biological
function for MEL.

The values obtained for biomass at day 1 were higher for
cultures of CW and WFO alone, i.e. without mineral media
and YE supplementation, but no significant further increases
in cell biomass over time (except between days 7 and 10,
Fig. SA) were observed. When mineral media with YE was
added, biomass increased until day 4, where it reached its
highest value (31.5 g/L). Another interesting achievement was
the faster consumption of D-lactose and lipids observed for
M. antarcticus cultivations supplemented with mineral media
and YE, where after 1 day of cultivation, less than 10 g/L of
D-lactose was present (Fig. 5C vs. Figure 5A). Moesziomyces
aphidis cultivations followed the same trends observed to M.
antarcticus for the same conditions, but with lower sugar
and lipids consumption. Importantly, when M. aphidis is
cultivated in CW and WFO in mineral media and YE, the
maximum MELSs is produced early, at day 4, but at a lower
value of 8.93 g/L, while cultures without mineral media or
YE supplementation reached a MELs titre of 13.1 g/l MELs,
but only at day 10.

Until now, most of the studies performed to optimize
MELSs production required a complex mixture of nutrients
that increase the final cost of the process. For example,
Beck A and Zibek S [45] have performed a study testing
different medium components, aiming to achieve fast
biomass growth (around 0.16-25 h™!), without affecting
MEL production. However, medium formulation continues
to be a bottleneck in the fermentation process, as the use of
cofactors and vitamins increase the process complexity and
final manufacture cost. Furthermore, in most of the studies
using renewable substrates, there is the need to continuous
supplement together the carbon source and medium
components (such as YE, mineral salts), representing
additional cost increases.

Production of biosurfactants from CW by probiotic
bacteria was previously reported [46, 47]. However, so far,
there is only one study in literature, reporting the production
of MELs using CW, although, in such study is reported
the pre-treated of CW with a commercial f-galactosidase
[24]. Here, for the first time, it is observed the capacity
of Moesziomyces spp. to produce [-galactosidase, and
consequently, it is reported the production of MELs using
only CW or using two industrial residues (CW and WFO),
without using any pretreatment, mineral medium nor YE.
These results are very promising, since they show the
capacity of CW to replace the whole medium, allowing
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to overcome one of the major bottlenecks in industrial
MELSs production. In this regard, more studies are being
conducted, especially using fed-batch fermentation in
bioreactors to increase MEL titres.

4 Conclusions

Remarkably, it was observed the capacity of M. antarcticus
5048 T and M. aphidis 5535 to produce p-galactosidase
from D-lactose and D-galactose. The highest extracellular
p-galactosidase activity was observed when D-galactose
was used as sole carbon source, 60.3 and 11.2 TU/mgy;mace
using M. antarcticus 5048 T and M. aphidis 5535 T,
respectively.

Cheese whey, one the major residues produced in Europe,
is rich in lactose. Considering the discover that the efficient
MEL producers, Moesziomyces spp., are also able to produce
B-galactosidase, CW was assessed as carbon source. CW
was used as sole media component, directly used with no
further addition of any other organic nor inorganic media
component. Furthermore, when CW was used alone with
supplementation of 20 g/L of WFO, a lipidic-rich substrate
to boost MELSs production, productivities of 1.3 and 1.4 g/L.
day~! for M. aphidis 5535 " and M. antarcticus 5048 T
were obtained, respectively. These productivity values are
only 13-26% lower than the ones previously obtained for
an optimized medium using refined D-glucose, WFO, YE
and inorganic sources of nitrogen and phosphate. Those are
promising results on further bioprocess development due
to the potential to perform cultivations using low-cost and
renewable raw materials instead of complex media with
refined components, solving one of the current bottlenecks
for sustainable microbial surfactants production.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-022-02837-y.
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